Characterization of the high temperature fracture of He-implanted 1.4970 austenitic stainless steel by Sagües, A. A.
KERNFORSCHUNGSANLAGE JÜLICH GmbH 
lUI - 1409 
März 1977 
Institut fUr Festkörperforschung 
Characterlzation o, the high temperature 
'racture o. He-implanted 1.4970 austenltic 
stalntess steel 
by 
A. A. Sagü,. 
AI, Manuskript gedruckt 
ISSN 0366 - 0885 
::::=:::= Autobahn Motorway 
- Bundesstraße Main Road 
--- SChnellzugstrecke Main Railway Une 
----- Nebenstrecke Branch-Une 
~ Flughafen Airport 
~ Kernforschungsanlage Juelich Nuclear 
~ Jülich Research Center 
Berichte der Kernforschungsanlage ]ülich • Nr. 1409 
Institut für Festkörperforschung Jül - 1409 
Olpe 
Im Tausch zu beziehen durch: ZENTRALBIBlIOTHEK der Kernforschungsanlage Jülich GmbH, 
Jülich, Bundesrepublik Deutschland 
Characterization of the high temperature 
fracture of He-implanted 1.4970 austenitic 
stainless steel 
by 
A.A.Sagües 
FOREWORD 
The results presented here correspond to the first stage of an 
investigation presently being conducted at the Institut für 
Festkörperforschung, KFA Jülich on the He embrittlement of me-
tal s . 
The author is indebted to H. Ullmaier for his valuable advice 
during the investigation and help in the preparation of the 
manuscript, to J. Auer and P. Jung for the;r generous collabo-
ration and support during the author's stay in Jülich, and to 
T. Schober for his introduction to the electron microscopy tech-
niques. 
The experiments would not have been possible without the coopera-
tion of the Institut für Kernphysik, KFA Jülich by permitting 
the use of the JULIC cyclotron for the He implantations. The 
sample material, together with much useful information was pro-
vided by W. Dietz of INTERATOM GmbH. 
A STRA 
The Ti-stabilized DIN 1.4970 austen tic stainless steel is an 
important candidate for high temperature - high neutron f uence 
applications which will create appreciable amounts of e within 
the matrix. In order to determine the mechanical effects associa-
ted with the presence of He alone a set of tensi e specimens 
was cyclotron implanted to uniform He concentrations in the 
-6 -10 to 10 t. range and later creep tested at 700 and 00 C. 
It was found that the elongation to fracture value of the im-
planted specimens were reduced with respect to those of unimplan-
ted controls. Scanning electron microscope examination evealed 
that fracture starts as intergranular and subsequently propa-
gates in a transgranular fashion, the intergranular part being 
much more extended in the implanted material. Cavities appearing 
in the fractured grain boundaries of the implanted specimens 
were associated with grain boundary chromium carbide precipi-
tates. Transmission electron micrsocope examination of the creep 
specimens and of foils annealed at temperatures between 00 
and 1000 0 C after implantation revealed that He segregated as 
bubbles in the matrix, at the grain boundaries and at intergra 
nular precipitates. 
A mechanism of He induced cavitation is di cussed wh c accounts 
for the observed 10ss of ductility. Changes in the m de of crack 
propagation during fracture are attributed to geometrical fac-
tors and tensile loading characteristics, 
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IN RODUCTION 
The presence of insoluble gases created within metals as a re-
sult of neutron irradiation has long been identified as one of 
the causes of high temperature embrittlement of alloys used in 
reactor applications. Most of the research done up to now (see 
Refs. 1 and 2 for reviews) agrees in that the effect is 
1. Mainly the result of the nuclear reaction product, He. 
2. Already significant after a few atomic ppm of He are present 
in the material. 
3. Occurring at high temperatures (i .e. ';: of melting tempera-
ture) and low strain rates. 
4. Characterized by intergranular fracture. 
The mechanism by which ductility is lost is understood only 
partially and may vary for different materials or different con-
ditions of a given material. Although a sizeable body of re-
search has been carried out for the case of the austenitic 
steels it is not yet possible to accurately predict how a par-
ticular alloy will behave once He is introduced. The problem is 
of special importance in the case of fuel cladding elements and 
other core components in fast breeder and future fusion reactors. 
For the German SNR fast breeder reactor (3) the alloys DIN 1.4970 
is a first candidate for the core components. This is a Ti-sta-
bilized austenitic stainless steel with the composition given 
in Table I. The SNR concept foresees operating temperatures at 
the cladding elements as high as 620 0 C and the possibility of 
localized spots reaching 710 0 C (4). A total neutron dose of up 
to 1.2 10 23 n/cm 2 (> 0,1 MeV) is expected and can result in He 
being produced through (n,a) reactions at a rate of around 
10 at ppm/year. 
Several experiments have been conducted to date on the fracture 
behavior of the alloys after neutron irradiation in experimental 
fast reactors (5, 6), producing He concentrations in the range 
of interest. Although these results provide valuable information 
on the overall effects of radiation and on the technical feasi-
bility of the alloy. they hardly lead to an understanding of 
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the embrittling effect itself. It is the e ore f nterest to 
isolate the effects which are caused t e pre ence f He 
alone. This would allow an unobscured observation of the pheno-
menon and provide a better chance of determ ning which parame-
ters may be varied tO make the alloy less sensitive to high 
temperature embrittlement. 
Cyclotron implantation by means of a variable energy beam pro-
vides a fast and convenient way of introducing He with a mini-
mum of side effects: a few hours of irradiation can result in 
uniform He concentrations that would require years of reactor 
exposure to be achieved (7). 
It is the purpose of the present study to take advantage of 
this technique in order to 1. Gain additional information on 
the fracture behavior of the alloy 1.4970 when loaded with 
amounts of He similar to those expected during service and 
2. Achieve a better understanding of the mechanisms by which 
insoluble gases produce high temperature embrittlement. 
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EXPERIMENTAL 
Figure 1 shows the experimental sequence followed. The starting 
material was provided by Interatom GmbH and consisted of actual 
SNR-300 Mark 2 (3) fuel pin tubes, 7.6 mm diameter and 0.5 mm 
wall thickness. These tubes were made by Sandvik of Sweden under 
the denomination 12R72HV. Their chemical composition as provi-
ded by the manufacturer is given in Table I. 
The tubes were split longitudinally and then cold rolled to a 
thickness of 120 wm (~ 75 % cold work). The stripes so obtained 
were then solution trated for 1 hr. at 1100 0 e and afterwards 
cold rolled again to a thickness of 105 m (~ 13 % cold work). 
Foil tensile specimens with the dimensions given in Figure 2 
were spark cut from the stripes and subsequently aged for 
24 hours. at 800 0 e. The material so treated is defined to be 
in the standard condition. This condition was chosen to be si-
milar to that used in previous investigations (6) in order to 
facilitate direct comparison with published data. All the ther-
mal tratements described above were done at a vacuum of 
10- 5 torr. 
He implantations were done with the AEG isocron-cyclotron of 
the Institut für Kernphysik, KFA Jülich using the arrangement 
shown schematically in Figure 3. A defocused -particle beam 
of 100 MeV initial energy was swept along each specimen while 
its energy was being varied by continuosly moving the inter-
posed, water cooled aluminium wedge. The excursion of the wedge 
was adjusted so as to obtain penetration ranges varying from 
zero to just above the thickness of the specimen being implan-
ted. Uniform He deposition through and along the specimen was 
thus achieved. Once one specimen was finished a steering magnet 
shifted the beam to the next. The 0.7 mm thick plate A made out 
of copper served as a final energy degrader. The temperature of 
the specimen was held steady at 50 0 e by pressing it between 
plate A and the water cooled block B. The irradiation current 
and time were adjusted to obtain He deposition rates of 
4-8 at ppm/hr and final concentrations between 1 and 80 at p 
-5 The implantation chamber was kept at a vacuum of ~ 1 torr. 
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After implantation some of the samples were tensile tested 
at astrain rate of 1.5 10- 4/sec. The test were performed in a 
. -7 He atmosphere with an estimated O2 partlal pressure of 2.10 torr 
and at temperatures of 20, 750 and 800 0 e. The specimens were 
kept at the test temperature for at least 20 min before applying 
a load. 
Other samples underwent creep tests which followed the general 
arrangement used by Morikawa (8). The tests involved creep un-
der constant stress conditions (but only for that part of the 
test in which the specimen was uniformely deformed) which were 
achieved by means of aspring loading system. The strain was re-
corded continuously; all the tests were performed on a vacuum 
-7 
of 5.10 torr. A sensor was set to turn off the oven imme-
diately after fracture in order to minimize contamination of 
the freshly exposed fractured surface. Most of the tests were 
conducted at strain rates in the order of 3.10- 4/hr, and at 
te eratures of 700 and 800 0 e. Because of the small specimen 
dimensions and other geometrical limitations the initial tensile 
stress was measured with an accuracy of + 3 % which, together 
with the low strain hardening of the alloy at the creep testing 
temperatures results in the significant dispersion of the creep 
data that will be shown later. 
ransm 
e 1 c r 
m 
t at 
ssion Electron Microscopy (TEM) samples were made by 
lytic thinning of the specimens in a Tenupol dual jet 
. A 10 Perchloric acid, 90 % Acetic acid solution opera-
11 C and 70 V gave satisfactory results. Pulsing the 
~ 1 Hz with a duty cycle of 50 % prevented overhea-
th polishing cello TEM examinations were made with a 
EM 300 microscope operated at 100 kV. Features such as 
e bubb es had a detection limit of ~ 30 ~ in well annealed 
spec mens. 
t n 
p 
he fracture and other surfaee features of the specimens were 
i ed (without preparation treatements) with a Philips exa 
PS 
t 
50 Scanning Electron r~icroscope (SEM) operated at 12.5 
5 kV. eep etching with a solution of 50ce Hel, 5ec N0
3
H 
nd c 2 for a few minutes at 50 0 e was used in one instance 
v al e ipitate tr u e t ate a n DAX 
X-Ra e trum na yze attach t h EM wa u d t 
v d a tative compos tion in or ati n of eatur s. 
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RESULTS 
MICROSTRUCTURE 
The material in the standard condition had an average grain size 
of ~ 30 ~m with roughly one to two twinning regions per grain. 
This results in ~ 5 bidimensional discontinuities per specimen 
thickness. Figure 4 shows an SEM picture of the surfac~ of an 
specimen which was polished and deep-etched. The rhomboidal, 
6 ~m wide feature is a Ti carbide precipitate. This type of 
precipitates are far apart from each other (typically 100 grain 
ters) and serve as stabilizers by taking some carbon out of 
olid solution. The aligned features in white, ~ 1 um are al-
most entirely chromium-rich precipitates, most likely carbides 
loca d along the grain boundaries. Figure 5 is aTEM picture 
showing this type of precipitate in detail. The large density 
of dislocations is evident despite the intentional off-contrast 
condition. The density of precipitates at twin boundaries was 
an order of magnitude lower than that of the grain boundaries. 
N evidence of martensite or large scale departure from an 
austenitic matrix was observed in the material on the standard 
condition or after subsequent tests. 
b 
ENSIl TESTS 
h ws load-elongation diagrams of implanted and control 
bta ned at astrain rate s = 1.5.10-4 sec-I. The re-
t se preliminary tests are summarized in Table Ir. 
train hardening Occurrs and deformation bands are ob-
1 ng the whole gage length of the specimen. The abrupt 
t e r ght of the curve is characteristic of foil speci-
ef. 9} deals with this phenomenon in more detail. 
C a d BOOoe the yield stress and elongation to fracture 
ower. A tendency to serrated flow and negative strain 
as t e temperature increases is apparent for both 
n d d . 
an unlmplanted material. At the same time the 
n bands are localized around the central 1/3 of the 
t . 
n o d d w d 
we e a y ong ti n a tur 
R EP TES S 
e mechanical parameters and re ult of the creep exper ments 
a e sted in Table 111. Figure hows typ cal elongat on-t me 
curves for the control and mplanted s cimens te ted at 7 oOe. 
e primary creep stage was of short duration. The se onda 
creep region is not wel1 def ned and in some specimens was 
on-ex stent. The implanted specimens reached fracture be fore 
pr nounced tertiaty creep could develope. 
A rough evaluation of the peed at which a test wa 
can be done by defining an average tra n rate a 
strain to fracture 
onducted 
Figure 8 shows the range of I values obtained at 7 0 C as a 
function of the initial tensile stress. The data of Ref. (6), 
resulting from specimens with approximately the same standard 
condition but different geometry are overimposed h w ng com-
patibility within the experimental limits. 
Figure 9 i s a plot of the elongat on to fracture and the a p ed 
tress as a function of time to fracture for tho e men 
tested at 700 0 e. The specimens loaded with m re th n 1 t pm 
He ha ve an average elongation to fracture 3 e a ler 
than that of their controls. The stress-time da t re ea s a 
high sensitivity of the time to facture to the a ed t re s 
which obscures the ef ct of imp antation on th re at sh 
F gu re 10 presents elongation to fract re at 7 a a u t on 
f the amount of He implanted. 
So e preliminary creep tests at o C a e a s te Table I II . 
The general shape of the creep cur es at tha te e t re re -
sembles that shown i n 9 re a ue f t s 
measured at 700 0 e were reach c e b 
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The average elongations to fracture of control and implanted 
specimens at both temperatures, and within the 15 to 30 at ppm 
H concentration range are compared in Table IV, 
S N NG ELECTRON MICROSCOPY 
Cree s ecimens 
During the high temperature creep experiments the foil speci-
mens fractured in the manner shown schematically in Figure 11. 
A crack originates at one of the foi 1 1 s edges and propagates 
more r less perpendicular to the tensile stress axis until 
reac ing the opposite end. In most unimplanted specimens the 
a ture totally transgranular and chissel-like. In some ca-
e a ew (1 to 5) intergranular facets are visible at the start 
of the crack, as is exemplified in Figure 12. 
T e mp an d specimens, on the other hand, begin cracking a1-
ways n a clearly intergranular fashion (see Figure 13) and the 
crac stays intergranular for a sizeable fraction of the spe-
c n I w i d t h. T his f ra c t ion , ex p res se d i n pe r c e n t s, w i 1 1 be 
a le hereafter. The crack switches 
to a transgranular mode and propagates as such until rea-
t e opposite edge of the specimen. 
1 and 1 compare the appearance of the fracture sur-
n un planted specimen observed from the direction B 
1 w th that of an implanted specimen seen from A 
. Figure 6 illustrates an area near the transition 
a u ar to the transgranular mode. 
P 1 t 0 f 
n ed He con en or 
it bar represents the 
as a function 
specimens creep tested at 
upper value measured for 
specimens; this value is almost coincident with that 
en wit the lowest implanted He content (1 at ppm). 
at für the 15 to 30 at ppm He concentration 
tel· . 0 pre lmlna 800 C data the average er-
v 1 es are significantly larger than those 
w 
h n te r 
n t h 
ne e feature 
ist ce f om eaeh t er. e t 
c ear e arat on between e c nvex ea 
r und. Others ( B) ook re wded nd 
ecogn ze the chara t r f d v d feat 
r m e cited with a 12 .5 kV et n b 
evealed that features a h e nd cat d 
t es r eher in Cr than the ba 9 d . 
e s de urfaces of the pec en ow ev 
dist buted plastic def at i n. In 0 
of the gage length presented observable 
t 
re 
( a 
a e 
rfa 
sual y only one crack deve ped acr ss t e 
few specimens such as the ane shown n i 9 re 
to see a second, almost fu y deve ped crac . 
conta ned 15 at ppm He; the upper crack st rte 
n the left and propagated t wards t e rig t 
crack started from the right n t e sa e wa b 
stress dr pped before its complet n. r b 
nitude 1 -2 
0 e-up of the advancing, al ea t an 9 
u face deformation bands re v i b 1 e on s 
Several sh rt cracks can be e n be we t e 
s a low c rac s appear in bot an ted n 
en and seem to be only a few s d e 
near the main c rac F 9 re 1 stere 
e e c aracteristics e a h s t e f 
n lanted s pe ci en. 
n er ty e of sh t c ac e ed t 
be seen as a sh rt b ac 
F gu re 22 sh ws th t c ra a d t s 
e stereo a r of f 
ee and w th r i e e 
t 
t 
ev r 
v 
1 t e 
r 
r 
n 
in Figure 18. These sh rt, 
implanted specimens, and 
material. 
e 
t 
800°C: The stereo pair of 9 r 
---
part of the fracture of a s 
large number of concave fea 
close-up showing some of t e 
lysis of the X-ray spect u 
Chromium-rich, including the 
center. Figure 26 shows t e 
grain facet. The stress axis 
surface. The structure is a 
particles located inside so e 
shows a row of cavities ap 
the fracture of a specimen de 
The side surface of the spec; n 
general appearance of the 70 C 
crack (Figure 28) allowed t e ex 
(Figure 29). Chromium-rich art; 
opening sides. 
Tensile-t 
k 
t 
n 
d 
n 
The unimplanted material tested at 20, 750 an 
pletely transgranular, dimp ed fracture surface 
h d 
The He-implanted specimens presented only 2 t gra n 
at the beginning of the fracture crac , the re t f it 
transgranular. Figure 30 shows the in ergranu ar art 
fracture of a specimen loaded w th 8 at H nd e 
o 
800 C. Most of theexposed part le a rom; m 
places particles and conc ve featu 
fa 
b 
ed 
w 
d 
na-
2 
e 
h 
et 
ing 
he 
t 
me 
t d . 
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TRANSMIS N L eT ON M CROSeOpy 
Qual itat ve TE examination of the implanted specimen that un-
derwe t reep at oooe evealed little difference between them 
and the unde ormed material in the standard condition. Speci-
mens implanted with He and creep tested at 700 0 e failed to show 
qual itative differences with their unimplanted controls. No 
evidence of He segregation in the form of bubbles was found in 
that case. However, the large density of dislocations already 
present in the stanuard condition precluded the observation of 
bubbles or cavities smaller than 50 ~ in diameter in most of 
the usable specimen area. Because of the polishing technique 
used, the transparent area was always located at a distance of 
at least 1 mm from the main fracture crack. 
The unimplanted material creep tested at soooe showed again no 
marked difference with that on the standard condition. The spe-
cimens i~planted with 1~ at ppm He and creep tested at 800 0 e 
showed grain boundary cavities, ~ 50 ~ in diameter, which imaged 
in a manner typical of He bubbles. These cavities were far apart 
(typically ~ 1 per intersected grain bouDdary facet, when using 
a nominal specimen thickness of 2000 ~) and their size or den-
sity seemed to be independent of the distance between the trans-
parent area and tne main fracture crack. The specimen which was 
loaded with 30 at ppm He and creep tested at 800 0 e presented 
larger cavities (~ 100 ~ in diameter). These seemed to appear 
on1y in some parts of the transparent area and an estimation 
of their number density was difficult. 
Table VI summarizes these observations. 
Some as-implanted specimens were annealed in the absence of 
stress for a time of 1 hr and later examined in the TEM. Table 
VII summarizes these results. The microstructure of the stan-
dard condition wa not visibly altered after the anne 1 t 
700 0 or 800 0 e. Appre iable amounts of recove were b ed 
after the 900 and 10000e anneal 
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He bubbles were detected for some specimens already fter 
annealing at 800 0 e. The estimated bubble number density was 
higher in the specimens annealed at higher temperatures. Table 
VIIlists in order of decreasing preference the location of 
bubbles. Bubbles at the junction of three grain boundaries were 
common. In one instance (Figure 31) a group of bubbles was 
associated with linear features having the general contrasting 
behavior of grain boundary dislocations. Examples of bubbles 
associated with grain boundary precipitates and with free dis-
locations are shown in Figure 32 and Figure 33. Only a small 
fraction (i .e. ~ 10- 2) of the bubbles in any specimen appeared 
to be in the matrix, unassociated with other features. The 
average bubble size did not appear to change with temperature 
and concentration as much as the bubble number density did. 
T 0V 1 
r su 
p 
e t 
im 
su t 0 
s been 
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e t 
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c om 
ment. 
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f 11 eeimens uring h gh te erature te 
in t e present vestigation a /d ratio of t le t 
d ted, and in order t min mize sur ace x e 
te ts were performed in vacua better than 
A inspection of the s ress elongation cu ve 
veals that at the higher te perature the 
the material is deformed. Th s cor elate 
tua absence of seconda c re p a the 
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0 tertia c reep The ue ti ri e e 
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k ho d 
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e limited data of t e tensile tests ( ab e 11) 
e of the high tempe ature flow stres aft r He 
The mall amount of adiati n damage ncurrcd 
tion (10- 2 to 10- 3 dpa) is in al pro bility 
of 
r 9 the pre-test annea at the test temperature 
fore not account for the observed hardening. There-
ar en ng seems to be due to the pinn ng of other-
ations He bubb es. 
imitat ons of the cree test ob eure any 
the presence of He on the material hardness or 
e ower creep rate apparent for the implanted 
7 when compared with that of the unimplanted 
n the exper enta scatter. he clustering 
lan d pecimens at a lower level than 
igure ) is a consequence of shorter 
n 
re 
y temat eally d f erent initial creep 
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f th total longation values 
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n i c ed bubble growth w i 1 1 ultimat e u t n the 
djacent growing bubble an d the 9 nera on of an 
n crack. The embrittling ef e w 1 e o re no-
arger the number of critical size u b es present 
n ur ace at the grain boundaries. 
pres nted in the previous section suggest that 
h n m of He-induced cavitation is responsible for 
rved 10ss of ductility, and that at least part of the 
enerated at the already existing grain boundary 
Qualitative considerations supporting that inter-
r that 1) the large number of concave features that 
he grain boundary facets (conspicuous in Figure 24), 
o features apparent in Figures 27 and 30, and the 
e crack tip shown in Figure 29 are all charac-
h appearance of a material that failed by inter-
ion ( 3); 2) the avera~e distance between ca-
at 700 0 and BOOoe is of the same order as the se-
en grain boundary precipitates; 3) cavities can 
oe ated with precipitates in the examples of 
ssib y in the string of Figure 30; 4) bubbles 
t grain boundary precipitates (Tables VI and 
); 5) long time creep experillients with 
(11 terminat ng in intergranular cavitation 
n lanted ma rial is prone to this failure 
-matrix adherence can account for both 
n n the unimplanted material and 
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uc v tat on mechanism to operate, 
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e 
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The resulting fracture crac crea e 
tensile stress in the grain bounda re 
of the crack tip, which promotes to th 
bubbles already nucleated there. The cra 
gate further a10ng grain boundary lines. 
h gh 
y ahead 
e propa-
d) A the load carrying cross section becomes s a er, ocal 
stresses increase and the crack propagation accelerates. 
After a certain crack length is reached the diffus on me-
hanism by which bubbles grow becomes slower than deforma-
tion by plastic flow and the path of the fracture crack be-
o es determined by the slip system configurations existing 
ahead. The fracture surface ceases being intergranular ex-
e t for occassional spots (as in the case 0 Figure 16) 
w e e ve ry fa vor ab 1 e co n d i ti 0 n s fo r ca v i tat n ex ist e . 
E am n tio the micro trueture and fra t re 
tat telos 0 f du ti 1 ty i S du e t 0 meehan 
cavitatio , in wh eh r-rich intergr n 1 r 
as c v tat on centers. 
Spec mens loade with present a large 
ture ar a than the unimplanted mater 
terg anular fracture z ne s de rm ned in 
c diti ns, which must be taken int consid a 
pr ting re ults from foil spec men . 
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Table III 
Summary of Creep Dat 
pecimen He Test Tem- Stress Time to E n a ion 
at ppm perature kg/mm 2 Fracture to Fracture x10 4hr -1 
oe hou rs 0/ h 
~ 
4 7 8.6 
2~ 10 5.2 
3 37 3.2 8.6 
20 .1 9 4.1 45 
30 25.0 68 10.2 15 
700 25.0 48 3.4 7 . 1 
4 24.4 44 5.9 13.4 
24.0 18.5 10.6 57 
4 21.6 122 8.3 6.8 
9 22.0 86 6.3 7.3 
o_~~ __ ~ ___ 
3 1 23.4 76 9.9 1 
14 5 24.0 136 3.1 2 .3 
1 15 21.9 101 2.6 2.6 
15 25.8 21 3 .2 15 
700 22.8 143 1.4 1 
23.8 54 1.1 2 
60 23.6 60 1 .6 2 .7 
b 23.2 70 1 .6 2 .4 
13.1 93 11 .8 13 
13 .3 44 9.8 22 
13.3 50 16 32 
13.1 56 1.2 2 .1 
0 1 .3 3.0 6 . 7 
11 .9 o . 1.4 27 
- 2 
able IV 
Av rag ep E onga n to Fra ture (ETF) 
Creep Te pe ature, °c 
A::: nimpl anted ETF, % 
B ::: lS to 0 at ppm He ETF, % 
Ratio AlB 
Table V 
Average Creep % intergranular fracture 
700 
6.5 
2. 
3.2 
Creep Temperature, °c 00 
2 . 
~---------------~-------"----------_.---
Unimplanted 0.5 
15 to 30 at ppm He 40 
--------------------~~ 
Table I 
ize and Location of Bubbles after Cree 
He 
at ppm 
1 
S bols 
Grain Boundaries 
Pre ipitates 
slocat ns 
Tes Te 
70 
undetect 
undete e 
ra n Sound ry Precipitate 
n B unda Dislocation 
p 
o 
o ~ 
M 
rix (Bubb e is associated w th no visible featu 
5 -
able VII 
Size an l ubbles after 1 hr anneals 
He Annealing Temperature~ C 
at p 700 800 900 1 0 
0 'V 100 ~ 0 1 ~ 
GB GB 
30 undetected undetected 0 D 
GBP G P 
M 
0 50-150 0 50-150 
GB GB 
0 
100 undetected GBP 
P 
GBD 
M 
See Table VI for key to symbols 
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